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Abstract—This study presents the first quantification and visu-
alization of secondary flow patterns with vector flow ultrasound.
The first commercial implementation of the vector flow method
Transverse Oscillation was used to obtain in-vivo, 2D vector
fields in real-time. The hypothesis of this study was that the
rotational direction is constant within each artery. Three data
sets of 10 seconds were obtained from three main arteries in
healthy volunteers. For each data set the rotational flow patterns
were identified during diastole. Each data set contains a 2D vector
field over time using the vector angles and velocity magnitudes
the blood flow patterns were visualized using streamlines in
Matlab (Mathworks, Natick, MA, USA). The rotational flow was
quantified by the angular frequency for each cardiac cycle, and
the mean rotational frequencies and standard deviations were cal-
culated for the abdominal aorta {-1.3±0.4;-1.0±0.3;-0.9±0.2}Hz,
the common iliac artery {-0.4±0.1;-1.0±0.2;-0.4±0.1}Hz, and the
common carotid artery {0.8±0.3;1.4±0.3;0.4±0.1}Hz. A positive
sign indicates an anti-clockwise rotation, and a negative sign
indicates clockwise rotation. The sign of the rotational directions
within each artery were constant.
I. INTRODUCTION
The vector flow technique, Transverse Oscillation (TO), has
been investigated thoroughly since the first presentations in
1996 [1]–[4]. The method has been tested in simulation [5],
by in-vivo studies with the experimental scanner, RASMUS
[6], and in comparison with magnetic resonance (MR) an-
giography [7]. In contrast to conventional Doppler techniques,
TO directly provides the absolute velocities and flow angles
of blood at any angle in a 2D vector field. The method is
non-invasive, as it does not require contrast agents.
Measurement of the transverse velocity component has
been investigated with several other techniques. Particle-image
velocimetry (PIV) obtains the velocity of moving particles
using an optical system, where the particles are illuminated
with pulsed light. The movement of the speckles are tracked
to form a vector field [8]. Replacing the light and photo
equipment with ultrasound, the technique echo PIV uses micro
bubbles as contrast agent. In a phantom study the flow patterns
in stenosis and aneurysm phantoms clearly illustrates the flow
patterns [9]. The velocity estimation of echo PIV was recently
correlated with phase contrast magnetic resonance (PCMRI)
with good agreement in a phantom study [10]. An in vivo
study of the carotid artery in live rats, showed a deviation
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Fig. 1: Real-time, in vivo vector flow ultrasound image of the
abdominal aorta in the transverse plane. The vector velocity
color map is shown in the upper right corner.
of 15% from the Doppler-measured peak velocities [11]. The
vortex flow of the human heart was quantified with PIV using
micro bubbles as contrast agent [12].
Color Doppler has been used to illustrate the flow patterns
in the aorta. Based on the color patterns of in vivo trans-
esophageal ultrasound, it was concluded that blood rotates
anticlockwise in the diastole as a result of backflow [13]. A
comment on this finding suggested that such color patterns
might simply be a result of a 20◦ misalignment of the trans-
verse plane [14], as only the axial velocities were measured.
PCMRI techniques are able to visualize and quantify sec-
ondary flow patterns [15]. The MR vector information makes
it possible to estimate physiological forces, such as wall shear
stress [16], [17].
With the recent implementation of TO in a commercial
scanner, detailed real-time blood velocity magnitudes and flow
directions have been illustrated in-vivo [18], and have been
compared to spectral velocity estimation [19]. The presence
(a) Systole (0.0 s)
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(b) Diastole (0.3 s)
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(c) Diastole (0.4 s)
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(d) Diastole (0.5 s)
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Fig. 2: Vector flow ultrasound of the abdominal aorta in the transverse plane. The streamlines through one cardiac cycle
illustrate a systolic flow pattern (a) with no secondary flow, whereas the pattern is fully developed during the diastole (b-c).
of disturbed flow patterns in the carotid bifurcation have been
confirmed visually and quantitatively [6], [7]. Thus, rotational
flow patterns are visualized and can be obtained in real-
time for further analysis. Previous studies have indicated that
rotational flow patterns may play a role in the pathogenesis of
atherosclerosis [20], [21].
With this study the rotational flow patterns are visualized
with in vivo, real-time vector flow ultrasound for the first
time. Furthermore, a quantitative method is presented which
calculates the rotational frequency.
II. METHODS
A. Data acquisition
Five healthy volunteers participated in this study. For each
volunteer the transverse plane of three arteries were scanned
with vector flow ultrasound: The abdominal aorta (AA), the
common carotid artery (CCA), and the common iliac artery
(CIA). A commercial vector flow ultrasound scanner (ProFo-
cus Ultraview, BK Medical, Denmark) was used with a 5 MHz
linear array (type: 8670, BK Medical, Denmark) and prototype
scanner software. Ten seconds of data were obtained as AVI
files with a mean frame rate of 21±5 Hz with a range of [13
28] Hz. Three data sets for each artery, which presented a
rotational flow pattern, were selected, resulting in nine data
sets. A frame example of the real-time colour encoded vector
data is shown in Fig. 1.
B. Real-time vector data
The real-time vector information is displayed as colours and
by post processing the axial, vz , and transverse, vx, vector
velocity magnitudes were obtained through time in 2D vector
fields. Further details on data processing of the colour encoded
vector information is provided in [22].
C. Streamline imaging
Streamlines were used to visualize the blood flow patterns
for every frame. The line density was set low to make the vi-
sual impression as clear as possible. In Fig. 2 the development
of a secondary flow pattern through the cardiac cycle is shown
for the abdominal aorta.
D. Angular speed and frequency of a 2D vector field
A grid defining subareas in the 2D vector field is set from
the center of the rotation and the rotational frequency of each
subarea is calculated [23] by
(∇× F )z = ∂
∂x
Fy − ∂
∂y
Fx. (1)
For each data set, the frequencies during each diastolic
phase were found and a mean rotational frequencies and
a standard deviation was calculated for each dataset. The
frequencies were calculated using Matlab.
III. RESULTS AND DISCUSSION
Nine data sets were acquired and post processed to calculate
the mean angular frequencies and standard deviations of each
data set. The results are shown in Fig. 4.
All frequencies of AA and CIA were negative, indicating a
unidirectional, clockwise rotation. All CCA frequencies were
positive, indicating a unidirectional, anticlockwise rotation.
TO is depending on the pulse repetition frequency and wall
filter settings and were optimised to obtain low velocities.
Thus, the high velocity flow during systole may have caused
aliasing, thus not providing the true flow pattern. Both MR
[15] and color flow studies [13] have illustrated a rotational
flow during systole. Thus, rotational flow patterns during
systole should be addressed in future TO studies.
With the present setup, the mean frame rate was limited to
21 Hz. An increase in the temporal resolution would provide
further details on the development of the rotational flow
patterns and the peak frequencies during the cardiac cycle.
The angular frequencies and streamlines imposed on the B-
mode image are shown for one image frame of the abdominal
aorta in Fig. 3. The center of the rotation represents the max-
imum angular frequency of -1.32 Hz, whereas the peripheral
magnitudes are lower. If the image represented a water tank,
a paddle placed in a peripheral subarea would rotate at a
lower frequency compared to a paddle placed in the center.
The streamlines in combination with the angular frequencies
and the B-mode image are suggested for clinical imaging of
rotational flow with TO.
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Fig. 3: In a transverse section of the abdominal aorta, the angu-
lar frequency of each subarea are imposed on the streamlines
and the B-mode image.
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Fig. 4: The angular frequencies, mean values, and standard
deviations for all measurements. The direction is given by the
sign, which is identical for all measurements of each artery.
IV. CONCLUSION
With the commercial real-time vector flow ultrasound scan-
ner, in vivo data can be used to calculate the angular fre-
quencies. Secondary flow patterns have been measured in
diastole in the AA, CIA, and CCA. The diastolic secondary
flow in AA and CIA rotates clockwise, whereas CCA rotates
anticlockwise.
A new plot presenting both the flow streamlines, the angular
frequencies, and the B-mode image was suggested for clinical
use. In conclusion real-time vector flow can visualize and
quantify secondary flow patterns of three main arteries and
the rotational directions were constant within each artery.
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